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(57) Claim 

1. An apparatus for the determination of the moisture 
content of a sample of varying thickness on a conveyor 
belt, said apparatus comprising means to sequentially 
generate microwave signals at a plurality of discrete 
frequencies selected to compensate for frequency 
dependent cyclic variation in propagation 
characteristics within said sample; a first antenna 
located below said conveyor belt to direct said 
microwave signals through the sample; a second antenna 
disposed above said belt to receive the microwave 
signals transmitted through the sample; means to provide 
a measure of the phase shifts of the respective received 
signals with respect to the transmitted signals at each 
of said discrete frequencies; means to provide a measure 
of mass per unit area of the sample; and means to 
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generate a measure of moisture content of the sample 

from siaid phase shifts and mass per unit area. 

12. A method fbr the determination of the moisture 

content of a sample of varying thickness on a conveyor 

belt, said method comprising the steps of sequentially 

transmitting through said sample microwave signals at a 

plurality of discrete frequencies selected to compensate 

for frequency dependent cyclic variation in propagation 

characteristics within said sample; determining the 

phase shifts of the respective received signals with 

respect to the transmitted signals at each of said 

discrete frequencies; and determining the moisture 

content of the sample from said phase shifts and a 

measurement of mass per unit area. 
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(54) Title: MOISTURE CONTENT BY MICROWAVE PHASE SHIFT AND MASS/AREA 



(57) Abstract 



Apparatus and methods for the determination of 
moisture content of a sample carried on a conveyor bell. 
Microwave signals at a number of discrete frequencies 
within a range are transmitted through the sample and 
the phase shift of the received signals is averaged and 
combined with measurement of attenuation or mass per 
unit area to provide a measure of moisture content of the 
sample. The invention is applicable to measurement of 
moisture content of crushed coking and steaming coals. 
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TITLE: MDISIURE COOTEOT BY MICRDWAVE PHASE SHIFT & MASS/AREA 

Technical Field 

This invention relates to the determination o£ the 
moisture content of a sample from the phase shift and 
attenuation of a transmitted microwave signal. 
Background Art 

The measurement of moisture content is important in 
many industrial processes. The conventional methods of 
moisture measurement, based on oven-drying of a sample 
taken from the process stream, are frequently not rapid 
enough for quality control purposes and rely on the 
small sample analysed being representative of the total 
stream. Consequently, there is a requirement for 
on-line analysis techniques that provide a continuous 
analysis of the process stream. 

One important example is in the on-line measurement 
of moisture in coal carried on a conveyor belt. In 
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recent years there has been a growing interest in 
measuring and controlling the moisture content o£ coking 
and steaming coals. Moisture in these coals has 
increased mainly because of the increased proportion of 
fine coal in preparation plants as a result of modern 
mining methods and because greater emphasis is placed on 
fine coal recovery for economic reasons. Lower product 
coal moisture results in lower transport costs, energy 
savings when the coal is utilised and reduced handling 
difficulties. 

A number of techniques have been investigated for 
the on-line determination of moisture in coal. These 
include capacitance measurement, microwave transmission, 
fast neutron and gamma-ray transmission, infrared 
reflectance and nuclear magnetic resonance. 

Moisture me asurement by microwave techniques is 
based either on the high real or imaginary part of the 
complex dielectric constant of water compared to the 
dielectric properties of the majority of dry materials. 
The complex dielectric constant (c = c* - j c") is 
a function of the dielectric constant (c*) and the loss 
factor (c") of a material, and for coal is not only 
influenced by the moisture content, but also other 
material properties such as bulk density, ash content 

j and coal rank. The parameter most frequently used is a 
measurement of the ^attenuation or power loss^of a 

I transmitted beam of microwaves at a frequency in the 
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range of 2-10 GHz, and for on-belt measurement of 
moisture in coal, a measurement of bulk d e ns i t y a n d /o r 
coal layer thickness is_alsjo re quir ed* 

A measurement of microwa ve attenuat ion has been 
widely u sed_ f or t h e determination of moi jstjJLre^cgnte 
a range of materials. However, the attenuation 
measurement is very dependent on the sample thickness 
and sample position relative to the microwave source, 
and therefore use of the technique in on-line 
measurement applications has relied on presentation of a 
constant thickness layer of material to the gauge. This 
has bi^en achieved using devices such as a levelling 
plough or a recirculating levelling conveyor that level 
the top surface material carried on a conveyor belt- 
A disadvantage of these techniques is that contacting 
devices of this type may cause blockages in the flow of 
material. An alternative technique is to perform 
measurements on a sample by-line where sample 
presentation can be carefully controlled, however, this 
is more costly and the frequency of the analysis is 
determined by the rate of sampling. 

A number of attempts have been made to modify the 
attenuation measurement technique to improve its 
accuracy for the determination of moisture content. 
These have involved an improved design of microwave 
apparatus to minimise interferences from reflection at 
the antennae, the use of reference signals to overcome 
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problems with equipment drifts and the use of lens 
corrected antennae to improve signal directivity. 
However, the predominant error in the measurement of 
attenuation results from amplitude modulation of the 
transmitted signal by signals reflected from the 
sample/air interfaces. One proposed method of reducing 
the error resulting from such amplitude modulation is to 
measure the attenuation at 50-100 frequencies in a 0.5-1 
octave frequency band and correlate the mean value with 
moisture content. This technique is reported to reduce 
the influence of variation in sample thickness and 
position on the attenuation measurement. 

A measurement of microwave phase shift has also 
been investigated for the determination of moisture. In 
the on-line measurement of moisture by this technique 
the measured phase shift or attenuation are normalized 
to the sample mass per unit area determined from a 
gamma-ray transmission measurement. 

A combined measurement of phase shift and 
attenuation has also been proposed to determine moisture 
independent of variations in the sample density. In 
this technique the moisture content is determined from 
the difference in the attenuation at two measurement 
frequencies and a measurement of phase shift compensates 
for density variation. However, for on-line measurement 
either a constant thickness sample or a measurement of 
sample thickness is required. 
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DisclQSu ri> of the Invention 

It is an object of this invention to provide a 
method and apparatus for the determination of the 
moisture content of a sample of varying thickness oh a 
conveyor belt which will ameliorate some of the above 
disadvantages. 

Accordingly, in one aspect the present invention 
consists in an apparatus for the determination of the 
moisture content of a sample of varying thickness on a 
conveyor belt, said apparatus comprising means to 
sequentially generate microwav^ sijg^^ 
of discrete frequencies selected to compensate for 
frequency dependent cyclic variation in propagation 
characteristics within said sample; a first antenna 
located below said conveyor belt to direct said 
microwave signals through the sample; a second antenna 
disposed above said belt to receive the microwave 
signals transmitted through the sample; means to provide 
a measure, of the phase shifts of the respective received 
signals with respect to the transmitted signals at each 
of said discrete frequencies; means to provide a measure 
of mass per unit area of the sample; and means to 
generate a measure of moisture content of the sample 
from said phase shifts and mass per unit ar.ea. 

In a second aspect this invention consists in a 
method for the determination of the moisture content of 
a sample of varying thickness on a conveyor belt, said 
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method comprising the step of sequentially transmitting 
through said sample microwave signals at a plurality of 
liscret^'f requencies selected to compensate for 
frequency dependent cyclic variation in propagation 
characteristics within said sample; a means in 
determining the phase shifts of the respective received 
signals with respect to the transmitted signals at each 
of said discrete frequencies; and determining the 
moisture content of the sample from said phase shifts 
and a measurement of mass per unit area. 

Preferably the range of transmitted frequencies is 
within the range of 2 to 4 GHZ. Preferably, also, the 
number of discrete frequencies is greater than ten. 

The al(^tenn^ be of any suitable kind, for example 
horns or dielectric rods. In the case of horn antennae 
the horns can be filled with the impedance matching 
material. In this case also, the horn is preferably 
positioned at a distance from the sample which is less 
than the wavelength of the microwave signal. 

The plurality oC^iscrete^^requen^ preferably 
comprises^™range and the range encompasses 
substantially one period of the frequency dependent 
cyclic variation in propagation characteristics within 
the sample. Preferably also, the discrete frequencies 
are equally spaced within the range and the propagation 
characteristics are averaged to produce a representative 
value . 



wo 91/02966 



PCT/ Al W/00351 



- 7 - 

Variation in the mass per unit area of the material 
is compensated for using a combined measurement of phase 
shift and attenuation^ or a separate determination of 
mass per unit area combined with phase shift. If. the 
density of the material analysed is. approximately 
constant then a measurement of thickness « determined by 
any suitable technique, for example, ultrasonic ranging, 
may be substituted for a measurement of mass per unit 
area. The preferred technique for on-line determination 
of moisture content utilises a measurement of microwave 
phase shift and sample mass per unit area. 

The propagation of an electromagnetic wave (EM) in 
a dielectric medium is described by Maxwell's equations, 
and the complex amplitude given by 

E{1>=E^ exp (-yD <1) 

where 1 is the distance travelled by the EM wave in the 
dielectric medium from some reference point where its 
amplitude was E^, and y is the propagation constant 
of the wave given by 

Y = a + jfl (2) 

where a and B are the attenuation and phase constants 
respectively. For a non-magnetic dielectric medium in 
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£ree space a and 13 are given by 



2ir 
2ir 



2Cc 



[(1 +(c"/c*)2)l/2 _ 1 ] 



1/2 



(3) 



— [(1 +(c"/c' )2)l/2 + 1 ] 
2co 



1/2 



(4) 



where is permittivity of free space^ 

the wavelength in free space, c* the dielectric 

constant of the medium and c*' the loss factor of the 

medium. 

The attenuation constant a represents the 
attenuation of the EM wave (in nepers per metre) and the 
phase constant B represents the phase shift of the EM 
wave (in radians per metre). 

From equations (3) and (4), it can be seen that the 
attenuation and phase shift of an EM wave in a 
dielectric is a function of the complex permittivity of 
the medium. 



c* - j c- 



(5) 



For a multicomponent dielectric medium the complex 
permittivity may be approximated by 



c* = { I vi / c*i)2 

medium i (6) 

where v^ and c*^ are the volume fraction and 
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complex permittivity of the i^^ component respectively. 

When a plane EM wave is incident upon a dielectric 
interface, part of it is reflected and part transmitted 
as illustrated in figure 1. For a non-magnetic 
dielectric in air the reflection coefficient, R/ and 
transmission coefficient, T, are given by 



Er 1 - / c*/Co (7) 

R = = ■ 

Eo 1 + >/ c*/co 



E-p 

— = 1 + R (a) 



where E^, E^ and E^ are the incident, reflected 
and transmitted electric field vectors. 

The measured transmission, coefficient may be 
expressed as 



-A/ 10 

10 exp / j ,2ir.9 \ (9) 




where A is the measured attenuation in dB, and 6 the 
measured phase shift in degrees. The actual phase shift 
due to the sample, ^ is not determined in this 
measurement but is given by 

^ = n. 360+0 (10) 
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where n is an integer. 

When an EM wave is incident upon a dielectric slab 
(Figure 1), reflection at the sample-air interface 
results in multiple reflections within the dielectric 
slab. Consequently, the measured transmitted and 
reflected £M waves, at normal incidence, are found from 

T = XT, - Ja.e^*i (11) 
i ^ i ^ 

R « jRi = Xb.e^®^ (12) 
i i 

where and are the component transmitted and 
reflected EM waves due to multiple reflections. For a 

lossy dielectric slab, ^i^^^i + l ^i^^**i+l' 
and T and R may be approximated from the sum ot only the 
first two or three component signals. The effect of the 
change in the thickness of the dielectric on the 
measured phase shift and amplitude of T is shown in 
Figures 2 and 3 respectively. Both phase shift and 
amplitude vary in magnitude with a periodicity 
corresponding to an effective X/4 change in the EM wave 
path length in the dielectric. The phase shift and 
amplitude of the reflected signal R, are found to also 
vary in a similar manner. That is, the propayation 
characteristics exhibit a frequency dependent cyclic 
variation. For a lossy dielectric, the magnitude of the 
vari.jion in the phase shift and amplitude of the 
transmitted or reflected signals decreases with 
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increasing sample thickness. 

According to a preferred form of this invention a 
microwave signal is directed through a sample, using 
suitable transmitting and receiving antennae and the 
attenuation and phase shift of the signal due to the 
sample are measured* These are normally calculated as 
the difference between the attenuation and phase shift 
determined with the sample and with air. From equations 
(3) and (4) it can be seen that the phase shift and 
attenuation of the signal are functions of the effective 
complex permittivity c* of the sample, given by 
equation (6). The dielectric constant and loss £actor 
of water at microwave frequencies are large compared to 
those for most other common materials, and therefore the 
phase shift and attenuation are strong functions of the 
moisture content of the sample. 

It is known that in the measurement of moisture 
content of a sample by microwave transmission the phase 
shift is determined mainly by the effective dielectric 
constant of the material and is therefore independent of 
variations in the effective loss factor (caused by 
variations in material properties such ?is salt content 
or elemental composition) that significantly influence 
attenuation. In one form this invention seeks to remove 
the significant error in the measurement of phase shift, 
or attenuation, resulting from modulation of the 
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transmitted signal by signals reflected from the 
scmple/air interfaces. This is particularly significant 
in many on-line measurement applications whe^e there is 
a variation in sample density or thickness, as this has 
the effect of varying the effective path length of the 
transmitted and reflected signals in the sample and, 
consequently the degree of amplitude modulation of the 
transmitted signal. 

The component of the microwave signal reflected at 
each sample-air interface is determined by the 
difference in the refractive indices of the sample and 
air and the angle of incidence, and for non-conducting 
non-magnetic materials is effectively determined by the 
difference in i'^^ v at5ye dielectric constants. 
According to this x^.^^ention improving measurement 
accuracy includes the use of a matching dielectric 
medium between the microwave transmitting anteinna and 
the sample to minimise secondary reflections of the 



is used as the transmitter, this may be achieved by 



dielectric constant to the sample, and positioning the 
horn such that the horn to sample distance is 
significantly less than the wavelength of the microwave 
signal. As the effective dielectric constant of the 
sample varies proportionately with sample density and 
moisture content, perfect dielectric matching is not 



microwave signal within the sample. 




filling the horn with a dielectric that has a similar 
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possible, however, dielectric matchinq to the mean 
effective dielectric constant of the sample is 
sufficient to obtain a significant improvement in 
measurement accuracy. 

Phase shift and attenuation are determined from 
measurements at a range of frequencies, and the 
frequency range and number of measurements are selected 
to further minimise measurement error due to 
interference of transmitted and reflected signals. The 
periodicity in the interference of these signals 
corresponds to a X/4 path length difference between 
them, and the range of sample thickness or density 
variation for this to occur is determined by the 
measurement frequency and sample effective dielectric 
constant. The same periodicity may be obtained at 
constant sample thickness for an equivalent variation 
Af of the measurement frequency. Determination of the 
moisture content from measurement of phase shift or 
attenuation over a frequency range Af (or nAf where n 
is an integer) is less affected by variation in sample 
thickness or density than measurement at a single 
frequency and a more accurate measurement of moisture is 
possible. 

For example, in Figure 2 the variation in the phase 
shift is repeated at 2(X/4) intervals in the dielectric 
path length. The equivalent thickness of dielectric for 
this to occur is determined by the 
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effective dielectric constant (Equation (6)) of the 
dielectric and the microwave frequency <f), and is given 
by. 



V me"diu"m 



X/2 = C/2f ^ 

medium 

where C is the velocity of light. For a dielectric of 
constant thickness the same periodicity in the measured 
phase shift will occur when the frequency is varied from 
^1 ^2' (Af=f^ - f^)' such that the dielectric path 

length is (nX ) and / nX + respectively. 



/ nX 



1 V 2 2 7 

(where n « 1,2,3,...)* However, in this instance only a 

single cycle of amplitude variation occurs as shown in 

Figure 4. The transmitted signal amplitude varies in a 

similar manner, as shown in Figure 4. 

The error in the measurement of phase shift or 

attenuation can be significantly reduced by determining 

either parameter from the average of multiple 

measurements within the frequency range f^ to 

f^. Preferably, measurements at 10 or more 

frequencies, between f^ and f^, are made. 

However, a lesser number of measurements can be used if 

a lower measurement accuracy can be tolerated. The 

frequency may be varied over a wider range nAf (where, 

nsi,2,3, . . . ) , however, this does not further improve 

measurement accuracy and has the disadvantage of 

requiring a wider bandwidth microwave oscillator. 
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Prieg Pescriptilon Qg the Dygwings 

Some embodiments of this invention will now be 
described^ by way pf example only, with reference to the 
accompanying drawings in which: 

Fig. 1 is a schematic diagram showing transmitted 
and reflected EM waves generated on transmission of a 
microwave signal through a dielectric medium in air; 

Fig. 2 is a schematic diagram showing the variation 
in the magnitude of the phase shift of a signal 
transmitted through a lossy dielectric, as a function of 
dielectric path length; 

Fig. 3 is a schematic diagram showing the variation 
in the magnitude of the amplitude of a signal 
transmitted through a lossy dielectric, as a function of 
dielectric path' length; 

Fig. 4 is a schematic diagram showing the variation 
in the magnitude of the phase shift and amplitude of a 
signal transmitted through a constant thickness lossy 
dielectric as a function of frequency; and 

Figure 5 is a schematic diagram of an apparatus for 
determination of moisture content of a sample from phase 
shift and attenuation of a transmitted microwave signal 
according to this invention. 
Modes For Carrying Out The Invention 

Referring to Figure 5, the apparatus according to 
this invention includes a yttrium-iron-garnet (YIG) 
oscillator as a microwave source. The oscillator is 



W0 9li/62966 



o 



PCT/AU96/0035I 



> 16 - 

voltage tuneable over the frequency range 2-4 GHz at an 
output power level of approximately 30 mW. The 
oscillator output is amplitude modulated by a switchable 
pin dijDde attenuator at a frequency of approximately 1 
khz, and filtered by a low pass filter (with a 0-4 GHz 
passband) to reduce the power level of unwanted 
harmonics produced by the oscillator. After pasring 
through a power divider, the microwave signal is 
coupled, via a circulator, to a horn antenna for 
transmission, through a sample positioned on a conveyor 
belt immediately above the transmitter. The receiver is 
a horn antenna positioned 300-500 mm above the 
transmitter. Dielectric matching of the transmitter 
horn and sample is achieved by filling the horn with 
paraffin wax which has a dielectric constant of 
approximately 1.5 and negligible dielectric loss at 3 
GHz. 

The relative power level and phase difference of 
the incident and transmitted signals are determined 
using an 8-port junction that functions as a vector 
voltmeter in the substantially known manner. The 

fleeted power at the transmitter horn is monitored at 
-eturn port of the circulator using a diode detector 
,not shown). The output voltage of the diode detector 
is fed to a.c. coupled instrumentation amplifiers (not 
shown), each with an adjustable output gain of 30-1000, 
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and the voltage measured with a data logger Interfaced 
to an IBM-PC computer (not shown) . 

The effect of dielectric matching of the 
transmitter and sample was determined from preliminary 
measuriements on a perspex sample; Perspex was used 
because it has a low relative dielectric constant and 
loss factor, 2.25 and 0.02 respectively at 3 GHz, for 
which the predicted improvement in measurement accuracy 
was within the limit of detection of the measurement 
technique, and the thickness could be accurately 
measured. Measurements 'were made for a 6-*66 mm 
thickness sample, in 6 mm steps, using the apparatus of 
Figure 5 with and without dielectric matching of the 
transmitter. Measurements of attenuation and phase 
shift were linearly correlated with sample thickness 
using least squares regression and the r.m.s. errors 
obtained from these correlations are presented in Table 
1 below. The r.m.s. errors in Table 1 represent the 
total measurement error, and one component of this is 
the error due to interference of transmitted and 
reflected signals. For phase shift there is 
approximately a 3.6 times improvement in measurement 
error for multiple frequency measurements with a 
dielectric filled transmitter as compared to a single 
frequency measurement in air. Correspondingly for 
attenuation, the measurement error is reduced by a 
factor of approximately 3.1 times. 
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R.m.s. errors £or correlations of phase shift and 
attenuation versus thickness £rom measurements using the 
gauge in Figure 1. 





Measixreaenc 
Frequency 


Perspex 
Thictoess 
fmnO 


R.m.s. 


Error 


Keasureraenc Condlcions 


Acrenuacion 
(dB) 


Phase Shifc 
(degrees) 


In Air 


3.3 


6-66 


0.297 


5.0 
( 6.1% )♦ 


DieXeecric filled 
crazxsmiccer 


3.3 


6-66 


0.2O 


3.6 
( 4.4% ) 


In air 


2.8-3.8 


6-66 


0.120 


2.7 
( 3.3% )* 


Dleleecric filled 
cransBiccer 


2.3-3.8 


6-66 


0.096 


1.4 
( 1.7% 



Mean % relative error » (R.m.s. error/Mean Phase Shift x 
100%. 

To compare phase shift and attenuation measurement 
techniques for the determination of moisture in coal, 
measurements were made on a range of total product coals 
(from NSW coal washeries) using the apparatus of Figure 
5. Details of the coal samples used in these 
measurements are given in Table 2. 
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TABLE 2 

Ash and particle size distributions o£ coal samples, used 
■in laboratory measurements on the prototype microwave 
moisture gauge. 



Vashery 


SaxDple 




Parriclft Size Disrrtbucion 
(vr%) 




Code* 


(wt%) 


5-50 
(mm) 


3-5 
(fflm) 


1-3 
(na) 


0.5-1 
(nm) 


<0.5 
(aa) 




Fl 


9.6 




17.4 


43.9 


15.6 


23.1 


Hecropollran 


72 


12.1 




1.8 


26.4 


22.0 


49.8 


Scockcon 
Bor«hol« 


n 


7.9 




3.6 


40.3 


21.3 


34.8 


AXS 




13.0 




4.1 


25.0 


21.3 


49.6 


Blend of F1-F4 


Bl 


10.1 




11.7 


31.5 


21.5 


35.3 



*F: Crushed total product coal. B: blend. 

All are high-volatile A and medium-volatile 
bituminous (ASTM rank) coals from Broken Hill 
Proprietary Company Limited (BHP) Washeries. 
Bl: blend of F1-F4 used as feed to BHP Newcastle 
coke ovens . 

•f Ash determined on air-dried basis. 

Samples of known moisture content were prepared by 
thoroughly drying a ^30 Kg sample of each of the coals 
in Table 2 {in an air oven at 105*C) and progressively 
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adding sufficient water to obtain a known moisture in 
the range of 0-15 wt%. At each stage of moisture 
addition, the sample was mixed until completely 
homogeneous and replicate subsamples were taken for a 
moisture determination. The accuracy of the moisturls 
determination by oven-drying was approximately *0.1% 
moisture. The samples were packed into a wooden sample 
container (dimensions: 320 x 360 x 250 mm) to depths of 
approximately 50,100,150,200 and 250 mm for analysis. 
In the standard measurement geometry, the sample 
container was centrally positioned immediately above the 
dielectric filled transmitter horn. The mass per unit 
area (w) of each sample in the measurement path was 
calculated from the sample weight and the sample 
container dimensions. The phase shift and attenuation 
at each sample height and moisture content were 
calculated from the average of 100 measurements of the 
power at the outputs of the 8-port junction. The phase 
shift and attenuation of the empty sample container were 
substracted from these measurements to yield a phase 
shift and attenuation due to the sample alone. The 
attenuation was calculated from the measured incident 
(Pj^), reflected (P^^) and transmitted (P^) power 
using an equation of the form 



A = -101og^^(P^/(P. - P^)) 



(11) 
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The phase shift (^) and attenuation (A) were 
measured at 21 frequencies (0.05 GHz steps) in the range 
2 .8^3 .8 GHz. For sample Fl the phase shift and 
attenuation were also determined at a frequency of 3.3 
GHz. The measured A/W and ^/W were correlated with 
oven-dried moisture (M) using a least squares fitting 
technique and equations of the form 

M = dQ+d3^(*/W)+d2<*/W)^ (12) 

M = e^+e^CA/W) (13) 

where d^, fitting constants. The r.m.s. 

errors for correlations on single and multiple frequency 
measurements on sample Fl are presented in Table 3. 

R.m.s. errors for correlations of phase shift and 
attenuation against oven-dried moisture. 



Suple 
Code 


Saople 
Thlctaess 
(nm) 


Heasurcaenc 
Frequency 
(CH2) 


R.a.s. Error (vrc% moiscuxe) 


AcreniLacloa 
(Equaclon(t37) 


Phase Shlfc 
(EquaCton(12» 


n 


50-250 


3.3 
2.8-3.8* 


1.95 
1.26 


0.36 
0.33 



* 21 measurements (0.05 GHz steps) 



wo 91/02966 



PCT/ A 1 90/00351 



- 22 - 

These results indicate there is a significant 
improvement in measurement accuracy when using multiple 
frequency measurements. The components of the r.ra.s. 
^rror corresponding to the observed improvement in 
measurement accuracy are 1.49 and 0.14 wt% moisture for 
attenuation and phase shift respectively. The r.m.s. 
errors for multiple frequency measurements on samples 
F1-F4 and Bl are presented in Table 4. The mean r.m.s. 
errors for all samples are 0.37 and 1.14 wt% moisture 
for phase shift and attenuation respectively, indicating 
approximately a three times improvement in measurement 
accuracy when using a measurement of phase shift for the 
determination of moisture in coal. 

TAPLE 4 

Correlation between gauge moisture and oven-dried 
moisture for samples Bl and F1-F4, at moisture contents 
in the range 0-15 wt%. 



Sa2Bpl« 
Code 


No. of 
Points-^ 


R.m.s. Error 


(vc% BO Is cure) 


Equacion (12) 


Equacion (13) 


n 


30 


0.33 


1.26 


n 


30 


0.47 


1.03 


r3 


30 


0.31 


1.03 


F4 


30 


0.35 


1.30 


Bl 


30 


0.37 


1.10 



'^"Measurements at five heights at each of six moistures. 
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1. An apparatus for the determinacion of the moisture 
content of a sample of varying thickness on a conveyor 
belt, said apparatus comprising means to sequentially 
generate microwave signals at a plurality of discrete 
frequencies reelected to compensate for frequency 
dependent cyclic variation in propagation 
characteristics within said sample; a first antenna 
located below said conveyor belt to direct said 
microwave signals through the sample; a second antenna 
disposed above said belt to receive the microwave 
signals transmitted through the sample; means to provide 
a measure of the phase shifts of the respective received 
signals with respect to the transmitted signals at each 
of said discrete frequencies; means to provide a measure 
of mass per unit area of the sample; and means to 
generate a measure of moisture content of the sample 
from said phase shifts and mass per unit area, 

2. An apparatus as claimed in claim 1 wherein said 
plurality of discrete frequencies are within a selected 
range of frequencies. 

3. An apparatus as claimed in any of the preceding 
claims wherein said plurality of discrete frequencies 
encompass substantially one pericJ of of the frequency 
dependent cyclic variations in propagation 
characteristics within said sample. 
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4. An apparatus as claimed in claim 2 wherein said 
plurality o£ discrete frequencies are equally spaced 
over said range. 

5. An apparatus as claimed in any one of the preceding 
claims wherein said phase shifts of the respective 
signals are averaged to provide a single representative 
phase shift. 

6. An apparatus as claimed in any one of the preceding 
claims wherein said means to provide a measure of mass 
per unit area of the sample uses a measure of 
attenuation of the received signals with respect to the 
transmitted signals at each of said discrete frequencies. 

7. An apparatus as claimed in any one of claims 1 to 5 
wherein said means to provide a measure of mass per unit 
area of the sample uses measures of density and 
thickness . 

8. An apparatus as claimed in claim 2 wherein said 
range of transmitted frequencies is within the frequency 
range of 2 to 4GHz. 

9. An apparatus as claimed in any one of the preceding 
claims wherein said number of discrete frequencies is 
greater than ten. 

10. An apparatus as claimed in any one of the preceding 
claims wherpin impedance matching material having a 
dielectic constant similar to that of the sample is 
interposed between the first antenna and the sample to 
reduce the interference of the transmitted signals with 
signals reflected from the sample. 
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11. An apparatus as claimed in claim 10 wherein the 
distance from the first antenna to the sample is 
substantially less than the wavelengths of the microwave 
signals. 

12* A method for the '^determination of the moisture 
content of a sample of varying thickness on a conveyor 
belt» said method comprising the steps of sequentially 
transmitting through said sample microwave signals at a 
plurality of discrete frequencies selected to compensate 
for frequency dependent cyclic variation in propagation 
characteristics within said sample; determining the 
phase shifts of the respective received signals with 
respect to the transmitted signals at each of said 
discrete frequencies; and determining the moisture 
content of the sample from said phase shifts and a 
measurement of mass per unit area. 

13. A method as claimed in claim 12 wherein said 
plurality of discrete frequencies are within a selected 
range of frequencies. 

14. A method as claimed in any one of claims 12 and 13 
wh€»r€5in said plurality of discrete frequencies encompass 
substantially one period of the frequency dependent 
cyclic variations in propagation characteristics within 
said sample. 

15. A method as claimed in claim 13 wherein said 
plurality of discrete frequencies are equally spaced 
over said range. 
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16. A method as claimed in any one of claims 12 to 15 
wherein said phase shifts p': che t::4spective signals are 
averaged to provide a single representative phase shift. 

17. A method as claimed in any one of claims 12 to 16 
further comprising the step of determining attenuation 
of the respective received signals with respect to the 
transmitted signals at each of said discrete frequencies 
to obtain said measure of mass per unit area. 

V 18. A method as claimed in claim 13 wherein said range 

^ ) of transmitted frequencies is within the frequency range 

of 2 to 4GHz. 

19. A method as claimed in any one of claims 12 to 18 
wherein said number of discrete frequencies is greater 
than ten. 

20. A method as claimed in any one of the preceding 
claims including the step of interposing between the 
first antenna and the sample an impedance matching 
material having a dielectric constant* similar to that of 

^ ) the sample, 

r 21. A method as claimed in claim 20 further including 

the step of positioning the first antenna at a distance 
from the sample which is substantially less than the 
wavelengths of the microwave signals. 
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